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We propose to investigate the quantum interference effects in semiconductors for use in the
active regions of low threshold lasers. Quantum interference lies behind electromagnetic
induced transparencies and gain without inversion in three level systems. Achieving this
behavior in reduced dimensionality semiconductor quantum systems opens a host of potential
applications and devices. Experiments in atomic systems and modeling of semiconductors has
established the conditions and configurations necessary for these phenomena. The initial portion
of our proposed work expands our theory and modeling and performs experimental investigation
of the optical properties of various quantum interference configurations. We plan to add time
dependence and many-body effects to our theory and plan to investigate optical and intrinsic
coupling configurations experimentally. For low threshold lasing, we will investigate the
possibility of excitonic lasing without inversion in semiconductor quantum wells based on the
AlGalnAs materials system. Both interband and intraband lasers will be investigated.
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2. TECHNICAL BACKGROUND

While the utility of semiconductor lasers is beyond dispute, some disadvantages remain. In
particular, the appearance of a threshold to lasing, and hence an operating nonlinearity,
complicates circuit and system applications. The absence of a threshold in the lowly LED makes
that device useful in some low-cost communications links. The response of the semiconductor
laser device physicists has been to seek to minimize the threshold so as to render the nonlinearity
invisible to the circuit. Thus far, only one approach to ultra-low threshold lasers with proven
results exists. By vigorously minimizing the volume of the active region, the concentration of
carriers necessary to reach transparency is minimized. Almost always, these active regions are
accompanied by very high quality factor cavities, thus minimizing loss and hence the threshold
current levels. Examples include quantum well edge emitting lasers with high reflectivity
dielectric coatings, vertical cavity surface emitting lasers where processing minimizes active
region volume and multilayer semiconductor DBRs minimize loss, and microdisk lasers with
extremely small cavity volumes. Such techniques have resulted in thresholds as low as 100 pA.
However, small laser volumes do have some restrictions. The output from such a laser is
severely limited. The lasers still exhibit spontaneous emission noise and hence make poor
amplifiers. The dynamic range and onset of nonlinearities compromises system designs. Optical
mode control remains an issue.

We propose a completely new approach to ultra-low threshold lasers using quantum
mechanical interferences to establish transparency at gquilibrium. Gain then occurs with the first
carrier pair injected. Such a condition is called lasing without inversions and differs in a
fundamental way from approaches such as inhibited spontaneous emission or single oscillator
microlasers.

Lasing without population inversion can result from the combined effects of Fano
interference and coherent superposition [Harris 1989], [Scully 1989]. As first steps toward
inversionless lasing, electromagnetically induced transparency and gain without population
inversion has recently been observed in atomic systems [Boller, Imamoglu, & Harris 1991}, [Fry
et al. 1993]. Since lasing without inversion has obvious scientific and technological implications,

we initiated studies of the possibilities of similar phenomena in semiconductor quantum confined
structures [Lee & Malloy 1994].

Our work reveals the Fano interference configuration has the possibility of exhibiting gain
without inversion in semiconductor quantum structures. Therefore, this proposal focuses on the



observation and exploitation Fano-interference in semiconductors. Gain without inversion is
introduced by first reviewing the basic concepts in atomic systems, and then by describing the
analogous extensions to semiconductor quantum structures. Quantum interference effects such as
zero absorption, gain without inversion, and inversionless lasing in semiconductor quantum
structures are proposed for investigations eventually leading to practical applications. As
described below, our first step is to investigate the circumstances necessary for zero absorption
before proceeding to gain without inversion and lasing. Possible applications related to ultralow
threshold lasers include optical amplifiers, inversionless laser diodes, unipolar far-IR lasers, and
even microlaser diodes using excitonic lasing Other applications such as ultrafast modulators,
group velocity compensators, nonlinear generation are also discussed.

2.1 Why Gain without Population Inversion in Semiconductors

Normally, absorption and emission are symmetric, inverse processes and gain only occurs if
a population inversion is achieved. Lasing results from the combined effects of this gain and
feedback of the amplified signal. If destructive quantum mechanical interference occurs for
absorption, but not emission, the symmetry between absorption and emission is removed and
potentially, all transitions result in emission, and lasing efficiency approaches unity. To achieve
this, zero absorption must first exist, then a properly injected excited carrier population will
result in lasing. That is, gain without inversion based on zero absorption can make the lasing
efficiency approach unity. Zero absorption, with unaltered, but narrow linewidth emission
processes is the path we plan to pursue leading to gain without inversion.

Population inversion itself implies the existence of an input threshold for lasing and
spontaneous emission noise. in_with lation inversion ibl 1
i ical amplificati i

efficiency. By removing the restrictions of population inversion for lasers and optical amplifiers,
thresholdless lasers and optical amplifiers, single carrier microlasers, and noiseless lasers become
possible.

Atomic systems demonstrate electromagnetically induced transparency by exhibiting a
narrow window of zero absorption. This may be introduced using DC electric fields or by using
coherent superposition by optical pumping. Because atomic systems have clearly defined energy
levels and almost always deal with only single electron transitions, the basic principles of zero
absorption and gain without inversion are well illustrated. However, utilizing atomic systems
requires a large and complicated apparatus, almost eliminating practical systems. Semiconductor
quantum structures, while easily converted into practical devices, have complicated energy band
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structures and exhibit many body effects as well. This proposal makes use of two factors to
overcome the disadvantages of semiconductors: first, the technological achievements embodied
by the term "bandgap engineering” vastly increase the configurations and physical principles that
can be exploited in semiconductors and second, the very existence of large electron
concentrations in semiconductors implies both high gain and a large response when zero
absorption is established. We first discuss the basic physics of zero absorption and gain without
inversion and then follow with detailed semiconductor configurations .

2.2 Origination from Atomic Systems

Lasing without inversion requires gain without population inversion. Replacing absorption
with gain without using population inversion requires quantum interference. Consider the
configuration shown in Fig. 3.1, consisting of a stable ground state and metastable and unstable
(in terms of their relative lifetimes) excited states. Electromagnetic or electric field coupling
between the two excited states results in Rabi splitting (or equivalently, the optical or DC Stark
effect), creating unbalanced lifetime dressed states. Destructive quantum interference (a subset
of the physical processes that occur in Fano interference) can then occur for transitions between
the stable state and these unstable, coupled states in analogy with two-slit quantum interference.
Therefore, a three level system consisting of one stable ground state and one pair of excited
states ( one metastable and one unstable) is the canonical system for observation of zero
absorption. Electromagnetic or electric field coupling between two excited states and the
resulting quantum interference between the unstable excited states and a ground state are shown
in Fig. 3.1. Creating unbalanced dressed states by mixing an unstable state and a metastable state
with a coupling field of the proper strength is the fundamental phenomena we seek to exploit

For example, Sr, Pb, and Zn vapors have shown electromagnetically induced transparencies,
and the atomic hydrogen system has demonstrated electrically induced transparency for second
harmonic generation [Hakuta, Marmet, & Stoicheff 1992]. Electromagnetically induced
transparency has been shown first for nonlinear processes in Zn vapor, followed by linear
processes in Sr and Pb atomic systems [Hahn, King, & Harris 1990]. In nonlinear generation, the
electromagnetic or electric couplings creates a zero absorption window for propagating generated
signals without reducing the nonlinear generation emission processes. Since the optical or
electrical fields need be resonant with the atomic levels, however, matches between these
couplings and convenient sources have limited the investigation of atomic systems. All these
conditions make observation of gain without inversion in atomic systems difficult using
electromagnetic or electric field coupling.
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Figure 3.1 Three level atomic system with one pair of unbalanced, lifetime broadened, states.
(a) shows the formation of dressed states through optical coupling.
(b) shows the "dressed” states occurring when degenerate states are split by DC coupling.

Unlike electromagnetically induced configurations, coherent superposition systems have
shown gain without population inversion [Nottelmann, Peters, & Lange 1993], [Fry et al. 1993],
[van der Veer et al. 1993]. Coherent superposition configurations originated from the so-called
"quantum beat" lasing schemes, and have been studied enough to demonstrate gain without
inversion. However, they rely on sensitive control of the quantum mechanical phase to achieve
the destructive interference, control we do not feel is achievable in solids such as semiconductors
_ Therefore the Fano type configurations discussed above will be investigated for
semiconductors. So far all atomic systems exhibiting quantum interferences require huge input
pumping fields, but produce very small outputs regardless of Fano or coherent superposition
schemes. The atomic experiments have established the basic physical concepts for gain without
inversion or zero absorption. Our goal is to push these investigations further by concentrating on
practical, semiconductor based systems.

2.3 Atomic Systems to Semiconductor Quantum Structures

Reduced dimensionality semiconductor quantum structures are analogous to atomic systems
in several ways. The density of states becomes more atomic-like by eliminating dimensional
degrees of freedom. Furthermore, the exact energy spectrum and lifetimes can be controlled
using the techniques loosely called "bandgap engineering." The following describes the basic
properties of semiconductor structures in terms of analogous atomic systems and examines the
possibility of quantum interference effects for lasing without inversion.




FUNDAMENTAL PHYSICS

o Constructing three-level systems

Semiconductor quantum dots correspond exactly to zero dimensional atomic systems, but
crystal growth and processing technology have not yet reached the same level of maturity
represented by semiconductor quantum well technology.

Furthermore, excitons in semiconductor are, in and of themselves analogous to atomic
systems. Continuum transitions in quantum wells are included by integrating over
momentum space. In addition, energy levels and lifetimes ca be controlled. The construction
of a three level semiconductor quantum well system is not an issue..

e Creating unbalanced dressed states

Coupling semiconductor inter~conduction-subband states results in Rabi splitting and dressed
states. This is exactly analogous to the Autler-Townes effect in atomic systems. Coupling
sources can be an optical field, DC electric field, or intrinsic coupling in double quantum
well structures, providing more alternatives than in atomic systems.

To create unbalanced lifetimes between the coupled states, scattering from I to X bands or
tunneling mechanisms can be used. Thus the possibility of quantum interference effects
exists for asymmetric quantum structures. [Maschke, Thomas, & Gobel 1991}, [Sirtori et al.
1994].

s Zero absorption

Singe unbalanced dressed states are already established, selected allowed interband
transitions can give transparency without absorption. If coupling effects are not large enough
or lifetimes not unbalanced, transitions show only reduced absorption from Stark effects.

Excitonic transitions are prime candidates for investigating zero absorption. Continuum
interband transitions should include Fermi population distributions and integrate over all
possible momentum space. Continuum effects normally result in reduced absorption without
population excitation [Lee et al. 1994].

* Gain without population inversion

Without nonequilibrium populations, modeling of semiconductor quantum structures shows
zero absorption. Any population in excited states should result in gain without population
inversion. Excited population can be provided easily in semiconductors by electrical or
optical injection.

The excitonic transition could also experience inversionless gain under low level injection
before carrier densities screen the exciton binding energies. For continuum transitions, more
injection, still short of inversion, is necessary. However, these injection level should screen
out excitonic transitions. Therefore, either excitonic gain or continuum gain, but not both, is
possible.
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APPLICATIONS

Ultra Fast Modulator and Group Velocity Compensator

Optical coupling of intersubband transitions has a subpicosecond response, offering a new
mechanism for a ultra fast modulator.

Zero absorption occurs over very narrow frequency range. The accompanying large index
changes (through the Kramers-Kronig relationship) are proportional to the slope of the
absorption change. We can use this index change for adjustable group velocity
compensation by controlling the coupling strength.

Nonlinear generation

Semiconductors usually have very large nonlinear coefficients, unfortunately accompanied
by large absorption.

By introducing intermediate states (such as defects) in our semiconductor quantum structures,
nonlinear generation without radiative recombination can occur. Propagating the nonlinearly

generated signal through a region of zero absorption or amplification without population
inversion provides for a dramatic enhancement.

Optical amplifier

Optical amplification serves as the first test of gain without inversion. Of particular interest
and importance are the noise properties of such an amplifier.

Lasing without inversion; Microlaser

Gain without inversion can operate a microlaser; a single carrier injected into a high Q factor

microcavity will lase. This is different from microlaser scheme relying on inverted active
medium.

Excitonic lasing

Gain without inversion leads to thresholdless lasing. If excitonic features are not screened
out, the system can lase on the high density of states, narrow linewidth, excitonic features.
While quantum interference-induced linewidths can approach zero using intrinsic coupling,
high power lasing is unlikely. Excitonic lasers are the primary candidates for microlasers.

Thresholdless laser diode

One of our final goals will be the intrinsically coupled, electrically injected, thresholdless

laser diode. Even if a truly thresholdless diode is not possible, reductions in threshold are
also useful.

UNM'S RELATED WORK
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We have investigated electromagnetically induced quantum interference in semiconductor
quantum structures, and developed an electron density matrix approach for the general solution
of zero absorption and gain without inversion problems in solids [Lee & Malloy 1992, 1994].
Key for lasing without inversion, electromagnetically induced transparency mechanism has been
investigated in a simple symmetric semiconductor quantum well, using intersubband coupling.
Our experimental results have shown reduced absorption arising from the optical Stark effect.
Zero absorption has not been observed as of this time. However, our results imply the conduction
subband lifetimes are long enough to observe reduced absorption at room temperature.

31  Development of General Density Matrix Approach

Three-level semiconductor quantum well systems have been studied by others using
perturbation approaches. However, perturbation solutions either have weak field limitations or
restrictions arising from complicated iterative derivations, and are cumbersome techniques for
analyzing quantum interference in three-level semiconductor quantum structures. Therefore, we
have developed a general density matrix approach to all three level systems for zero absorption
and gain without inversion including atomic and semiconductor systems.

To understand zero absorption and gain in three-level systems, we need to extract the
susceptibility from the off-diagonal density matrix elements. The equation below describes the
relation between susceptibility and density matrix elements.

1 (@) = J(E) D(E) [u p(@) + p(w) u] / £ F(®) dE

Here f(E) and D(E) represent Fermi distribution function and density of states for
semiconductors, and u, p(®), and F(®) correspond to dipole matrix elements, density matrix
elements, and the transition electromagnetic field, respectively.

Three-level semiconductor quantum structures have one stable state interacting with the
probing field and two excited upper states interacting with the coupling field. The following
electron density matrix equation describes the semiconductor quantum structures under probing
and coupling interactions treating relaxations as phenomenological scattering terms
dp 1 1
—=—[(Hy+H}),pl-I'p+pl),
3 in et P 2 p+p

where Hp and HJ are the intrinsic Hamiltonian and coupling Hamiltonian, p is a density

operator with p;j density matrix elements, and I is the diagonal matrix determined by the inverse
of the relaxation time Tj for each state li>.
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The electron density matrix can be solved exactly in terms of the diagonal population
distribution matrix elements. The exact general steady state solutions in the frequency domain
are as follows

(DgyDyc _|ch|2 Q. (Prp — Poc) — bRy I? (Pec —Pad)
Dy, (DgyDgc —1Qcp 1 )~ D Qg

where the subscript b refers to the stable state, the subscripts ¢ and d correspond to upper states,
op, the probing frequency, QIJ—uIJF/h represent couplings, and DIJ-[(:)—(EI-EJ)/h]ﬂyJ with
m..(l“u+l“l])/2 Since intersubband coupling results in dressed states and therefore serves as a

3 g 1 : Boyd 1992],
[Cohen Tannoudjl, Diu, & Lalog 1977] If there is no couphng or Qcd<<€%ch., the solution is

equivalent to a simple two level resonant transition (as a way of checking validity of the
derivation),

Q. Py — Pec)
D

Pep(®p) =

When the population of ground state, ppb, is dominant and taken as unity, the population of the
upper states pcc and pgq have values close to zero, and Qcd>>cp for the case of a weak probe

field, the final simplified steady state solution under probing has the same form as iterative
perturbation results

DapLcp ,
D pDgp—1€24!

pcb ((‘op) =

Under weak probe fields. both formulas give the same result, However, for emissive process

processes. Therefore our exact solution is needed to include gain effects in the general

configuration .

32 Investigation of Optical Stark Effects in Semiconductors

Intersubband coupling effects have been studied in symmetric semiconductor quantum well
[Frohlich et al. 1987}, [Lee et al. 1994]. Results from our density matrix approach predict
reduced absorption (arising from Rabi splitting) as a consequence of the optical Stark effect.



Ultzalow Threshold Semic uctor Lasers Based on Gain withautlr sion

Zero absorption from destructive quantum interference does not occur since the symmetric
quantum well does not have unbalanced conduction subband lifetimes . Our experiments have
confirmed the reduced absorption, and revealed the conduction subband lifetime as long enough
to observe the optical Stark effect at room temperature. This lifetime observation is key to the
next step towards zero absorption and gain without inversion.

Figure 3.1 Electromagnetically coupled symmetric quantum well shows all possible
transitions on the bandedge of kz with parabolic bands of kx and ky.

Our experiment was performed on a multiple quantum well structure consisting of 65 pairs of
8.5 nm GaAs quantum wells and 23.2 nm Alp.3Gag.7As barriers. Figure 3.1 describes the single
quantum well structure under coupling and probing fields. Since we have derived the steady state
susceptibility, the experiment uses long coupling laser pulses and white light probing giving time
independent results. Figure 3.2.(a) shows the absorption profiles as a function of coupling
strength (by controlling boxcar time delays with respect to the variable intensity coupling laser
pulse). The result indicates that the moderate coupling strength (20 kw/cm2) can be enough to
show evidence of the optical Stark effect. In other words, the conduction subband lifetimes are
long enough (<10 ps) at room temperature to exhibit reduced absorption. However, we still need
to increase the coupling laser power to construct clear Rabi splitting, which requires coupling
strength comparable to conduction subband lifetimes. Our coupling laser did not have enough
power to investigate the exact lifetimes of conduction subbands. The exact lifetime includes all
possible broadening factors such as quantum well thickness variations as well as unexpected
lifetime factors such as thermal effect due to substrate absorption (fortunately, thermal effects

10
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occur at longer times and can be gated out). Our_main result. 1-10 ps subband lifetimes as
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Figure 3.2 Optical Stark effect from 8.5 nm GaAs quantum well shows reduced absorption.
(a) Measured absorption profiles of the 65 multiple quantum well structure.
(b) Calculated absorption profiles of the single quantum well structure.

As semiconductor quantum wells have both excitonic and continuum transitions, Fig.3.2.(b)
shows the calculated overall absorption profile results as a function of intersubband coupling
strength, in a single symmetric quantum well of 8.5 nm GaAs. Our simulation result points that
the reduced absorption mechanism begins to appear when the coupling field is comparable to
intersubband scattering. Overall, the modulation of continuum absorption is not readily
distinguishable from other modulated signals, but the heavy hole excitonic transition can be
observed separately. These calculations are reasonably well matched with the experimental result

11
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shown Fig.3.2.(a) under moderate coupling strength. Heavy and light hole absorption peaks are
gradually reduced as coupling strength is increased. However because of the limit of our
coupling laser power, background normalization effects , and thermal effects, we don't show
clear Rabi splitting at this time. While our simulation results are close to the experimental results,
we still need to explain various broadening factors and exciton binding energies. An important
difference between the experiment and calculation is the number of quantum wells. The multiple

quantum well usually enhances the signal, but inhomogeneous broadening obscures the response.

4. PROPOSED CONFIGURATIONS

We have described the symmetric semiconductor quantum well optical Stark effect
configuration. The lack of unbalanced lifetimes for the excited states results in only reduced
absorption. To achieve zero absorption through quantum interference, we need to unbalance the
conduction subband lifetimes using tunneling or band mixing effects [Faist et al. 1994},
[Maschke, Thosmas, & Gébel 1991]. We plan to investigate asymmetric quantum well structures
for this purpose [Lee et al. 1995]. Asymmetric structures not only provide unbalanced
conduction subband lifetimes, but also permit control of background absorption by reducing the
oscillator strength of the supporting transitions. As we shall see, tunneling or band mixing-
induced scattering mechanisms then provide the unbalanced, subband lifetimes, which in turn,
establishes nonreciprocal decay paths for zero absorption. At this time, it appears that the
tunneling mechanism requires slightly more complicated structures. Therefore, we will first
investigate the band mixing mechanism for unbalanced lifetimes. In addition, asymmetric
quantum structures will still have some background absorption from perpendicular momentum
continuum transitions. (To avoid background absorption altogether, quantum dots instead of
quantum wells could be used, but the technology for making uniform quantum dots falls
considerably short of quantum well quality). This section first describes a simple asymmetric
quantum structure comparable to an electromagnetically coupled atomic system, then describes
replacing optical coupling by intrinsic coupling. Finally, we discuss applications of these
configurations to optical amplifiers and lasing without inversion, microlasers, optical modulators,
group velocity compensators, and nonlinear sources.

4.1 Electromagnetically Coupled Configurations

Since electromagnetically induced transparency has been observed in atomic systems, we

have investigated similar phenomena in an asymmetric quantum structure. To achieve the

12
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unbalanced lifetime combination without background continuum absorption, we designed a
special asymmetric quantum structure using band mixing-induced scattering. Calculated results
shows zero absorption for excitonic transition without population of the excited energy levels.
Slight population of the excited states results in gain without inversion for both excitonic and
continuum transitions.

Figure 4.1 Electromagnetically coupled asymmetric quantum well configuration with
envelop wave functions and an optional band mixing decaying path.

Figure 4.1 describes an asymmetric semiconductor quantum well showing each energy level's
envelope wave functions. Strong overlap occurs for both interband and intersubband transitions.
The asymmetric quantum well consists of a lower barrier layer of Alg.5GaQ.5As, a 5 nm
Alg.25Ga().75As narrow quantum well region and a 10 nm wide AlQ 4GaQ.6As quantum well,
and a higher barrier layer of AlAs to permit band mixing-induced scattering. If band mixing-
induced scattering is not necessary and all direct bandgap material can be used, the Al
composition ratio in each layer can be reduced by 0.25. The asymmetric quantum well
configuration provides for a I'-X band mixing-induced scattering mechanism that results in fast,
nonreciprocal decay paths for the destructive quantum interferences. The alternative to band
mixing scattering is a tunneling structure where the lifetime is controlled by the thickness of the
tunneling barrier. Since the asymmetric quantum well results in an n=1 metastable conduction
subband energy state in the narrow side of the well and an n=2 unstable energy state in the wide
side, as shown in Fig. 4.1, the strongest transition happens between the n=2 intersubband states
with unbalanced lifetime resulting from optical coupling of the n=1 and n=2 conduction subband

13
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states. The asymmetric configuration also reduces the background absorption problem by using
wide active quantum well region for good overlap of the n=2 envelope wave functions as
opposed to the n=1 narrow "well" transition.

The system can be pumped optically or electrically. Both cases result in zero absorption
without excited carriers or gain without populatior inversion upon slight carrier excitation as
shown in Fig. 4.2. Unlike the symmetric quantum well, destructive quantum interference results
in a narrow transparency and gain window.

With few carriers in the conduction subbands, Fig. 4.2.(a) reveals zero absorption and the
possible application as a fast optical modulator control by intersubband coupling. This

excitonic modulator works on distinctly different principles than such modulators as SEEDs
relying on excitonic saturation.

If we inject a few carriers, the system exhibits gain without population inversion on the excitonic
transitions. Therefore, before the carrier concentration is large enough 10 screen the excitons,
excitonic modulation or excitonic lasing is possible. Unlike typical laser diodes, this mechanism
provides a very narrow gain profile and high conversion efficiency from the larger exciton
oscillator strength than continuum transition as shown in Fig. 4.2.(b). This configuration can be
applied to an excitonic microlaser.

For strong injection still short of population inversion, excitonic transitions are screened out,
and continuum transitions dominate. The continuum transitions can be used also for modulators,
but lasing can also be anticipated. Since continuum absorption occurs over all possible
momentum space, we need more injection to achieve and get a broader gain profile. Figure

4.2.(c) describes the continuum gain profile. Again, this gain profile can be applied to lasing
without inversion.

14
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Figure 4.2 Absorption profiles in the electromagnetically coupled asymmeltric quantum well
as a function of coupling strength from 0 meV to 3 meV for excitonic transitions
and 0 meV to 6 meV for continuum transitions, proportional to line thicknesses.
(a) Excitonic probing as a function of coupling strength.
(b) Excitonic transition for gain without population inversion.
(c) Continuum transition for gain without population inversion.
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4.2 Intrinsically Coupled Configurations

Optical coupling in the asymmetric quantum well has revealed promising characteristics. In
order to ensure relevance to device applications, the optical coupling mechanism can be replaced
by intrinsic coupling by inserting a thin barrier in the asymmetric quantum well, . While optical
coupling configurations are analogous to electromagnetically coupled atomic systems, intrinsic
coupling configurations are analogous to DC-coupled degenerate atomic systems. For device
applications, the DC coupling and electrical injection might both arise from the same external
bias. However, undertaking such a combined problem is currently beyond our capabilities.
Instead of DC-field coupling, we plan to investigate intrinsic coupling arising from a double
quantum well barrier. Intrinsic coupling itself requires complete consideration of energy levels
and coupling strengths, but it provide the flexibility necessary for controlling electrical injection
and transition frequencies simultaneously.

r
Tunneliing

* Mixing

X
Intrinsic
Coupling
®
'
(N D

Figure 4.3 Intrinsically coupled asymmetric double quantum well configuration with
tunneling or band mixing decay path.

Figure 4.3 shows intrinsic coupling in an asymmetric double quantum well. The
electromagnetically coupled configuration is modified by inserting an intrinsic coupling barrier
in the asymmetric quantum well region. The instrinsically coupled asymmetric double quantum
well consists of a lower barrier of AlgsGapsAs, a narrow quantum well of 2.5 nm
Alp 25Gag 75As and a wide quantum well of 7.0 nm Alg 35Gag.65As with a 2.5 nm Alg 5Gag 5As
coupling barrier, and a higher barrier of AlAs for band mixing-induced scattering or a adjustable
tunneling barrier of Alg 5Gag s with a Alp 37Gag 63As lower spacer to control the lifetimes of the
wide quantum well subband energy levels. The asymmetric double quantum well configuration

16
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has a relatively stable conduction subband energy state in a narrow quantum well and an unstable

state in a wide active quantum well, with band mixing or tunneling providing the instability.

1 (a)

630 631 632 633 634 635

(=)
[+))

o
.
[\

i
o
-3 [38) o

626 628 630 632 634
Wavelength (nm)
Figure 4.4  Absorption profile in the intrinsically coupled asymmetric double quantum well.
(a) Excitonic transition for gain without population inversion.
(b) Continuum transition for gain without population inversion.

The optical properties of the intrinsically coupled asymmetric double quantum well are
comparable with the electromagnetically coupled asymmetric quantum structure except for off-
resonant coupling. In principle, it is possible to exactly match energy levels from two different
size quantum well, resulting in resonant intrinsic coupling (equivalent to zero frequency optical
coupling). Practically speaking, however, such an accidental degeneracy will be difficult to
achieve and off-resonant coupling will occur. If the system is too far off-resonance, it will not
exhibit zero absorption or gain without population inversion. Figure 4.4 depicts the off-resonant
results for realistic gain without inversion. Zero absorption is also possible.

17
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Figure 4.4.(a) shows the excitonic gain without population inversion. Since the carrier injection
rate can be easily controlled in the intrinsic configuration, excitonic microlasers are a
possibility we will investigate.

For continuum transitions, Fig. 4.4.(b) shows gain without population inversion for moderate
coupling strength. Therefore, thresholdless laser diode as lasing without inversion are
possibilities we will investigate.

Figure 4.4 describes the gain profiles as function of coupling strength from 0 meV to 3 meV.
Most intrinsic couplings are much larger for reasonable coupling barrier thicknesses within the
tunneling coherence length. Therefore, we anticipate intrinsic coupling to remain in existence
when the structure is placed under an external electric field.

In contrast to interband transitions, intersubband transitions have already demonstrated lasing
under inversion at low temperature using the lifetime determining mechanisms we've mentioned
[Faist et al. 1994). For lasing without inversion, a similar unipolar device was recently proposed
using an asymmetric double quantum well wherein tunneling controls the lifetime [Imamoglu &
Ram 1994]. Since intrinsic coupling does not require external optical fields, modulation of

intersubband transitions using the zero absorption or gain without inversion mechanisms occur.

The configuration can be built by adding one more stable ground state in the wide quantum well
region to replace the valence subband ground state.
4.

b1 X

E\tfinsic
ouplinp

Figure 4.5  Intrinsically coupled asymmetric double quantum well configuration with a band
mixing decay path makes zero absorption and gain without inversion for
intersubband transitions via quantum interference on the conduction band.
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Figure 4.5 shows an intrinsically coupled system for intersubband transitions utilizing a band
mixing-induced scattering decay path. The configuration consists of a Alg sGag 5As barrier, two
quantum wells of 2.5 nm and 8 nm of Alp 2Gag gAs layers with a 5.5 nm Alg sGag sAs coupling
barrier, and a AlAs band mixing barrier layer. This quantum well system has no continuum
absorption problem, as the subband dispersion relations are parallel parabolic around the k=0
band edge momentum. Since the intersubband transition uses only conduction electrons, we refer
to this as a unipolar device.

The intersubband transition usually occurs around the band edge at momentum k=0, and it
has characteristics similar to atomic transitions because of the parallel subband structure. In

particular, the carrier population distribution depends on the Fermi function with energy given by
E, +h2(Kx + Ky)/Zm' . Summation must occur over the occupied parallel intersubband

transitions. In addition, intersubband dipole matrix elements are larger than the interband
elements by roughly the ratio of the well width to the unit cell dimension, drastically increasing
the overall transition results. Therefore, our modeling shown in Fig. 4.6 results in better contrast
than intrinsically coupled interband transition, and nearly atomic transition profile shapes. Figure
4.6 shows the same shape as the excitonic interband transition of Fig. 4.4.(a), but zero absorption
and gain without inversion occur at lower coupling fields. In the figure, off-resonant coupling
introduces the asymmetric absorption profiles.

10800 11000 11200 11400 11600 11800
Wavelength (nm)

Figure 4.6  Absorption profile of intrinsically coupled intersubband transitions in an
asymmetric double quantum well shows gain without population inversion.
Coupling strength varies form 0 meV to 3 meV

From intersubband transitions using intrinsic coupling, we can investigate construction of
unipolar long IR microlaser diodes at room temperature.
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4.3 Applications of Gain without Inversion Mechanism

We have proposed several gain without inversion configurations and discussed their basic
applications. This section shows more details of the representative applications. The primary
concerns are gain factors, index changes, and population distributions. The following section
examines optical modulators and compensators, optical amplifiers and lasing without inversion,
excitonic laser diodes as a thresholdless microlaser, and nonlinear generation mechanisms. For
our calculations, we assume equal electron and hole injection. In addition, for excitonic
transitions, we have used our density matrix result assuming a delta function-like density of

states. One goal of our planned program is to improve upon our essentially single electron
models by incorporating many body effects.

4.3.1 Optical Modulators and Group Velocity Compensators

All zero absorption configurations exhibit large absorption modulation and hence gain
without population inversion under small excited state populations. Since zero absorption is the
first step to make gain without inversion, zero absorption modulation is a possible near term
device application. For electromagnetic intersubband coupling, the modulation of absorption
occurs as fast as the intersubband sub-picosecond carrier relaxation time. Unlike the interband
modulation mechanism, the modulation arises from the intersubband coupling and does not
depend on either transitions into a ground state or saturation effects. Figure 4.7.(a) depicts the
modulation of excitonic absorption by intersubband coupling in the asymmetric quantum well of
Fig. 4.1. The figure shows an ideal on-off ratio if the zero absorption condition exists.

Since the zero absorption window is very narrow, the corresponding index change also
results in a large index modulation at the resonant frequency as shown in Fig. 4.7.(b). The index
change can have group velocity compensation applications adjustable by coupling strength.
Since the figure present normalized values of absorption and index change for the zero coupling
case, the actual modal absorption and index change for a prototype edge waveguide are close to
735/cm and $0.07, respectively. Increasing the confinement factor in MQW structures with a

short active length can result in absorption and index modulations of 10000/cm and 0.9
respectively.
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Figure 4.7 Electromagnetically coupled asymmetric quantum well shows functionality of
excitonic transitions for coupling strengths, 0 meV to 1 meV as solid to gray line.
(a) Zero absorption modulation with sub-pico second response.
(b) Adjustable index changes introduces group velocity compensation.

Excitonic absorption modulation is useful for weak signal, but is expected to exhibit
saturation effects in the presence of strong signals. To increase modulation, an excited carrier
population can be introduced.

432 Optical Amplifiers and Lasing without Inversion

The intrinsically coupled system theoretically exhibits gain without population, and therefore
can amplify photon signals or show lasing without population inversion. The configuration
without excited carrier shows zero absorption at 632.8 nm with asymmetric side band absorption
profiles that comes from off-resonant coupling. With excited carriers, it shows gain without
population inversion as shown in Fig. 4.8.(a). The origin of the gain differs from a two level
system, so gain without inversion profile always has a pre-absorption peak that originates from
Rabi splitting. The value of the material gain is comparable, in the range of 450/cm to 1320/cm,
with normal edge emitting laser diode structures for reasonable coupling and pumping.

For optical amplification, we need gain without inversion, and all our configurations are
useful. To amplify signal without feedback, edge emitting laser diode structures with angle
incident is suitable. Unlike normal two-level systems, however, gain without population
inversion has the different index modulation effect as shown in Fig. 4.8.(b). The difference of
index change is about 0.1. The noise and nonlinearities as characterized by the linewidth
enhancement factor are planned to be investigated for this novel amplification mechanism.
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Figure 4.8 Absorption and index change profiles in the intrinsically coupled asymmetric
double quantum well for coupling strength 0 meV and 3 meV.
(a) Continuum transition for gain without population inversion.
(b) Index change profiles for continuum transitions.

For lasing without inversion, we need to add a cavity and the proper waveguiding. Since the
configuration has large material (bulk) gain, a VCSEL or edge emitting laser can be used to
demonstrate lasing without inversion. To achieve the above gain, however, the quasi Fermi
energy for the conduction band is above the n=1 subband energy level but below the n=2 (where
lasing takes place). It means that there is still a strong threshold condition, but much lower than
the threshold for lasing on the n=2 transition. However, in this conﬁguration, n=1 and n=2 are
closely spaced. The mai intrinsi i i

mm_mmzm_mjm Long IR intersubband transitions mlght prove a productwe path
as well.

This configuration has a narrow gain profile resulting in a narrow spontaneous emission line
width and less spontaneous emission noise. For excitonic transitions the window is even
narrower. Together with gain without inversion, an excitonic microlaser without a high Q cavity
would be considerably different than the recently reported atomic microlaser [An et al. 1994].

4.3.3 Excitonic Laser and Microlasers

Laser diodes have been around for a long time and the threshold has been significantly
reduced. Since continuum transitions result in broadened gain profiles, it is extremely difficult to
build a single carrier laser at near-visible wavelengths. Our suggested solution is to use excitonic
lasing without population inversion, relying on others to develop superhigh Q microcavity
approaches and instead, concentrating on thresholdless gain media. So far only the microcavity
approaches have been successfully applied to low threshold laser diodes.
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The zero absorption configuration for gain without inversion together with a microcavity is
our proposed excitonic microlaser diode. We plan to use the intrinsically coupled asymmetric
double quantum well for gain without inversion, with a VCSEL cavity. Figure 4.9 describes
excitonic transitions under inversionless conditions. With proper injection, the quasi Fermi

energies are below the active conduction and valence subband energy levels. The relative
populations are 0.94 for the n=1 valence subband electrons, 0.5 for the n=1 and 0.1 for n=2
conduction subband electrons, respectively. Our estimation of relative material gain in Fig.
4.9.(a) is 1880 cm'1 Figure 4.9. (b) reveals the large index change 0.12 to 1.6, ansmg from

1 1}
o Ano
0
-0.2 v
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Figure 4.9  Excitonic absorption and index change in intrinsically coupled asymmetric double
quantum well for coupling strength O meV and 1 meV.
(a) Excitonic transition shows gain without population inversion.
(b) Index change profiles for the corresponding excitonic transition.

5. TECHNICAL APPROACH

We have described the proposed electromagnetic and intrinsic coupling mechanisms in the
last chapter. We now describe the total approach for real experiments. First growth and
characterization of optimized sample designs are discussed, then the details of sample
preparation and the experiments are considered.
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5.1 Sample Design

Zero absorption and gain without inversion schemes have been treated for single quantum
wells. To enhance signals, we need add more quantum wells, and confine the optical fields using
waveguides or cavities. VCSEL structures can be used for the excitonic microlaser, and edge
emitting structures for general studies of lasing without inversion or optical amplifiers. Detailed
sample designs, will be based on our well developed device modeling programs, which include

all absorption and index changes, subband energy level calculations, and determination of the
optical fileds in a cavity.

5.1.1 Multiple Quantum Well Structures

Multiple quantum well structures are one of the easiest way to enhance single quantum well
effects when the optical phase is not an important consideration. For example, optical
modulators, group velocity compensators, and optical amplifiers are not as sensitive to optical
phase as laser oscillations or nonlinear processes. We plan to use undoped MQW structures for
all configurations to investigate the basic possibility of zero absorption toward gain without
population inversion. We consider the applications of a simple multiquantum well system.

For optical modulation, the excitonic absorption coefficient (without coupling) is close to
10000 cm-! or 1 pm-! over a well width of 5 to 10 nm. Without enhancement therefore, a
transmission modulator requires at least 100 quantum wells to reach a e-! modulation ratio. The
total thickness of MQW structure could be 5 to 6 um. If we adopt an asymmetric F.-P cavity
structure, we can double the modulation effect using the backside reflectiion, reducing the
sample thickness by half. Since the front surface of AlGaAs has about 30% reflection without an
AR coating and the bottom mirror has 99% reflectivity, the total structure behaves as a 5 um
thick asymmetric F.P. cavity. The cavity length can be adjusted controlling a spacing layer using

wet etching. To enhance input coupling, the top layers of active region can be AR coated,
reducing the asymmetry of the

cavity. i i racti
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Since group velocity modulation depends on the refractive index change, group velocity
compensators use the same structures as optical modulators. The main application of group
velocity compensation is in pulse shaping and different pulse shapes require different index
dispersions. This is controlled by coupling strength. For pulse compression or generation, the
rapid index change associated with the absorption dip can be helpful. In addition, the
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compensator does not require a fast response, and can use the intrinsic coupling mechanism.
(@) AR (b) AR
Coupling Coupling

Probi i
robing | # > Probing

Signal

Signal

jliiR

Window Mirror
Figure 5.1 Optical modulators and group velocity compensator with asymmetric quantum
structures, where the coupling arrows represent intersubband coupling laser as
modulation source or intrinsic coupling of group velocity compensators.
(a) Transmission configuration with 100 asymmetric quantum wells.
(b) Reflective configuration with 60 asymmetric quantum wells.

Figure 5.1 describes both modulators and group velocity compensators with active layers
placed on a window or a mirror. To separate active layers from substrates requires a technique
described later. In the figure, the optical coupling field is incident at the Brewster angle for
nearly 100 % coupling efficiency. For example, a CO7 laser will be efficiently coupled into
AlGaAs multilayer thin films at 720 given the proper polarization.

Multiquantum well structures can also be used for nonlinear generation. Surface normal
nonlinear generation using counterpropagating fundamental fields are simple structures for
demonstraing nonlinear properties without concern for phase matching conditions. Our group has
studied second harmonic generation using quasi phase matching in AlGaAs multilayer structures
[Zou 1994]. However large absorption above band edge results in very low efficiency. If we use
our asymmetric quantum structures, we can remove propagation loss using zero absorption or
gain without inversion. Figure 5.2 depicts the quasi phase matching structures with our zero
absorption configuration using electromagnetically coupled asymmetric quantum well of Fig.
4.10. Figure 5.2.(a) describes two counterpropagating fundamental fields and generated second
harmonics, the counter propagating field can be produced as the reflected field from a facet of
the sample. However, we may need to make wave guiding structure by some sample preparation.
Figure 5.2.(b) magnify the part of active layers in the wave guiding structure. Multi quantum
well structure can have as many layers as possible to be grown if phases of nonlinear generations
are constructive. Therefore the polarity of asymmetric quantum wells are changed to alter the
sign of phase at every half wavelength.
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Figure 5.2  Nonlinear generation scheme with asymmetric quantum wells uses a quasi phase
matching by alternative combination of asymmetric quantum wells at every A/2.
(a) Waveguiding structure for surface normal second harmonic generation.
(b) Quasi phase matching as a part of active layers on conduction band edge.

5.1.2 Edge Emitting and Surface emitting Cavity Structures

Cavity structures in semiconductors are categorized as either edge emitting or surface
emitting cavities. While edge emitting cavity structures have very long cavity lengths (100um to
1 mm) that can be as long as necessary to amplify signals, they have limited confinement factors.
For surface emitting cavity structures, the cavity lengths are limited multiple of half wavelength
of signals, but the confinements is more effective. Undoped samples using optical pumping are
the first step in test our investigations, but both cavity structures will be used for investigating
electrical injection in the intrinsically coupled configuration.
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Figure 5.3 Edge emitting cavity with the asymmetric quantum well for a optical amplifier
and a laser diode as lasing without inversion.
(a) Waveguiding structure for edge emitting cavity.
(b) Electrical polarity of active layers on conduction band edge.

Our gain without inversion configurations simply replace the active layers of standard optical
amplifiers and laser diodes. Then we investigate threshold reductions. In a standard optical
amplifier or laser diode, the active region is replaced by our asymmetric double quantum well.
Figure 5.3.(a) shows a brief sketch.

Microcavity laser diodes have been developed for ultra low threshold laser or thresholdless
laser diode using a surface emitting cavity structure. So far a one atom microlaser has been
demonstrated [An et al. 1994], but vertical cavity surface emitting structures in semiconductors
have not shown such behavior even at low temperature. We propose to use gain without
inversion for microlasers using a possible excitonic lasing scheme.

Since a microlaser is characterized by thresholdless lasing, an excitonic laser diode using
gain without population inversion is a good candidate. Normal electrical injection requires
population inversion, with no surviving excitonic transitions. However, gain without population
inversion makes any amount of excited carriers contribute gain. All we need is the addition of
microcavity to recover internal loss. Since gain does not require population inversion, a high Q
microcavity is not necessary. Instead, a normal VCSEL (high Q in only one dimension) may be
good enough. Figure 5.4 describes our proposed microlaser structure for the study of possible
excitonic lasing at room temperature. To construct the microcavity of Fig. 5.4.(a), the first step is
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to remove the substrate after p-type metallization, then finish processing with the n-type contact
and dielectric DBRs.

(a)

p
.
I
M

Mirror or Heat Sink

Figure 5.4 Surface emitting cavity with the asymmetric quantum well for excitonic lasing as

a microlaser diode with lasing without inversion.
(a) Microcavity structure of vertical cavity surface emitting laser.
(b) VCSEL structure of active layers on conduction band edge.

5.2 Sample Growth and Characterization

Our center has 2 MOCVD and 1 MBE systems in the crystal growth facility. Since the crystal
growth facility has specializes for laser diode, we have grown successfully various DFB-RPG,
VCSEL, and edge emitting laser diodes. We anticipate using the MBE for the undoped samples
(electromagnetically coupled configurations) and MOCVD or MBE for doped samples

(intrinsically coupled configurations).

After growth samples are characterized by, PL, PLE, and PR to determine subband energy
levels, and reflectivity and transmission measurements gives excitonic properties. Normal
reflectivity measurements analyze sample thicknesses and cavity qualities. For electrical
characterization, we can use our DLTS, I-V, and C-V measurements to reveal defect levels and
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impurity density and other electrical parameters. In addition, SEM, TEM, X-ray diffraction, Hall
effect, and so on will be used for material characterization.

5.3 Sample Preparation

We have solved the steady state density matrix equation in the frequency domain and thus far
our experimental Set-up mimics the time independent CW regime. To study carrier dynamics, we
can add time resolved techniques. All experimental set-ups are straightforward to perform at
either room tempertture or liquid helium._.
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Figure 5.5 Zero absorption experimental setup for electromagnetic and intrinsic couplings.

In intrinsic coupling, the experiment setup is identical as a simple absorption measurement,
so instead of a boxcar integrator, we can use a lock-in amplifier. However, for optical coupling,
the synchronization between coupling and probing is necessary by a boxcar integrator. Figure 5.6
depicts details of optical coupling and signal detecting setup, where Fig. 5.6.(b) especially shows
the gate window as a controller of intersubband coupling strengths.

For absorption modulation and group velocity compensation, time resolving system should
be added. Then we can study carrier response and pulse shape modulation. If probing is replaced
by the tunable solid state laser, Ti:Al203, without the limit of modulation source wavelength
(10.6 pm), probing laser input and modulated signal recover the time dependent signal with a
proper pulse picking system and a modified short coupling pulse. Since we already have a
tunable solid state laser, we need to make a pulse picker to match with the CO2 laser low
frequency and use a special plasma switching technique to compress the CO2 laser pulse.
Therefore this time resolving setup is very complicated and challenging. However, intrinsic
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coupling makes direct time resolving measurement possible by adding an interference
measurement system.

(a) A (b)

PTObing <4
| Gate Window

0.15 ms Laser Pulse

P-Polarized
Coupling

mirror or window Probing Signal

10Hz

Figure 5.6  Zero absorption experimental detail for electromagnetic couplings.
(a) Intersubband coupling laser is incident at the Brewster angle.
(b) Gating and synchronization of probing and coupling.

If zero absorption is possible, the next step is to test whether to get gain without population
inversion or not. So edge emitting optical amplifiers need to be tested for gain without inversion,
which has the simple setup, then electrical or optical pumping mechanism is applied for lasing
without inversion. Unlike optical amplifiers, lasing without inversion requires a sensitive
detection system including spectrum analyzers and photon counting for the microlaser. In the

long IR lasing mechanism of intersubband transitions, the experiment setup needs an IR
detection system.

Figure 5.7 describes the general emission measurement system for electrical injection, which
is easily converted for optical injection as well. Exact numbers and injected carriers for each
energy levels must be monitored.
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Figure 5.7 Lasing without inversion measurement setup for intrinsic coupling.

6. STATEMENT OF WORK AND TECHNICAL OBJECTIVES

Webriefly summarize our objectives. We will investigate theoretically and experimentally
zero absorption with applications toward optical amplification, gain without population
inversion, and lasing without inversion in asymmetric quantum wells. Our final goal is to
demonstrate an excitonic microlaser, lasing without population inversion using the intrinsically

coupled configuration and electrical carrier injection.
6.1 Improvement of Theory and Modeling

7.1.1 Homogeneous and inhomogeneous broadening effects for MQW structures.
7.1.2 Improvement of momentum space integration in the total simulation.

7.1.3 Time dependent population distributions for DC and short pulse operation.
7.1.4 Cavity dynamics for population distributions as a function of injection.
7.1.5 Cavity modeling under high intensity optical fields.

7.1.6 Linewidth and noise reduction measurements and theory.

7.1.7 Excitonic coupling mechanism theory.

7.1.8 Inclusion of many-body effects in formalism.
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6.2

7.2.1
722
7.23
724
1.2.5
1.2.6

6.3

7.3.1
13.2
733
734

Sample Design, Growth, and Characterization

General MQW sample design using asymmetric quantum wells
Edge emitting cavity design with dual waveguiding structures.
Vertical cavity design with dielectric or metal mirrors.

Design of spacing layers in terms of electrical pumping.

Growth of microlaser structures.

Calibration and characterization for doping level and energy levels .

Sample Preparation and Experiment

MQW samples using Van der Waals bonding.

Experiments on zero absorption modulation and gain without population inversion.

Microcavity process development with special etching techniques.
Experiments on microlasers based on lasing without inversion.
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8. FACILITIES AND EQUIPMENT

8.1 MOCVD & MBE Facility

CHTM's state-of-the-art crystal growth facility incorporates two MOCVD reactors, one MBE
reactor and a full range of integrated safety equipment. One reactor, purchased from Crystal
Specialties Inc., has been specifically assigned to the growth of ITI-Ns since 1993 and features
low pressu re operation, a custom injection manifold to allow flow separation, and a tapered flow
channel for high uniformity. The other reactor, purchased from Thomas Swan Ltd., UK, features
wafer rotation and is used for the growth of ultra-uniform Ga As, AlGaAs and strained InGaAs
structures in support of CHTM research. A commercial, 3 inch Vacuum Generators V80H MBE
machine will be used for most of the growth of the AlGalnAs systems to be used in this proposal.

8.2 Characterization Equipments
CHTM has, or has regular access to, a wide range of materials and device characterization
equipment that allows us to fully analyze as-grown epitaxial material and optoelectronic or
electronic devices. This equipment includes:
For Materials
Transmission Electron Microscopy (resolution 3E);
High Resolution cross-sectional TEM on II-V heterostructures including III-Ns;

Double Crystal X-Ray Rocking Curve Apparatus. (also have access to a single crystal
diffractometer;)

Electrochemical C-V profiling of doping concentration;

Photoluminescence (300 K to 4 K) using a range of pulsed and CW laser pump sources, with
wavelengths as short as 252 nm;

Hall Mobility Measurements at 600 K to 8 K.
For Devices

Deep Level Transient Spectroscopy (DLTS);

Optical Microscopy, Scanning Electron Microscopy;

Confocal microscopy and confocal photoluminescence with submicron resolution;
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Probe station, curve tracer, DC parameter analyzer, and capacitance meter for measurement of -
V and C-V characteristics;
Diode Laser L-I, I-V, and farfield/near-field pattern set-up;
Anritsu Optical Spectrum Analyzer,
HP 50 GHz Network Analyzer and HP 22 GHz Spectrum Analyzer. BER Test Equipment;
CW and pulsed UV lasers for optical pumping including:
1) a quadrupled Nd:YAG laser operating at 266 nm with 10 ns pulses, 10 Hz repetition
rate, and 0.25)/pulse peak power;
2) a CW doubled Ar laser operating at 257 nm with peak power of 50 mW;
3) a CW Ar laser operating at 363.8 nm with peak power of 300 mW and
4) an excimer laser capable of 100 ns pulsed operation at 248 nm and 345 nm.
5) femtosecond sources including several Ti:A1203 lasers and doubler/tripler wavelength
extender
Raman spectroscopy;
Atomic Force Microscopy.

8.3 Semiconductor Processing
CHTM has a fully equipped, 1800 ft2 class-100 clean room for semiconductor materials
processing. This clean room is equipped with a JEOL 5800 scanning electron microscope with
cathodluminescence and x-ray analysis, a wet chemical etching aisle, a solvent cleaning aisle, a
photolithography bay, and features a Plasma Quest electron cyclotron resonance (ECR) reactive
ion etcher, four e-beam evaporation systems for metallization and optical coatings, PECVD and
LPCVD for dielectric deposition, a barrel asher, two rapid thermal annealers , an ellipsometer,
and a surface profilometer. Device processing is based on g-line contact photolithography with
either positive or negative photo-resist technology.

8.4 Equipment to be purchased

We plan to purchase a dedicated monchromator and photon counting system so as (o aleviate
overcrowding on the current system. In addition, because of the growth intensive nature of this
program, spare MBE parts are budgeted for in terms of a replacment Knudsen cell.
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